Abstract: Calix[4]arenes are versatile ligands that, whilst also serving other purposes, can act as platforms for the synthesis of a wide range of 3d, 4f and 3d-4f polymetallic clusters. The empirical metal ion binding rules established for calix [4] 
Introduction
The synthesis of complex metallosupramolecular assemblies / polymetallic clusters can be achieved via several strategies that range from serendipitous formation through to directed assembly. The latter, that can alternatively be termed rational design, typically relies on the synthesis of ligands or building blocks that possess particular structural characteristics and / or chemical functionalities. [1] These properties subsequently allow the chemist to employ specific metal ion binding modes in order to impart topologically directing character, representing a generally preferred route towards the isolation of challenging multicomponent assemblies. This approach can also be used to control and / or tune the chemical and physical properties [2] of the resulting assembly by exerting strong influence over cluster composition. The result of such control is the generation of new polymetallic clusters that are well understood and that have potential application in many areas of research; examples include their use as Single Molecule Magnets (SMMs), [3] catalysts [4] and host-guest systems. Calix [4] arenes (general notation C [4] hereafter) have been used widely in supramolecular chemistry, the reasons for which include their possessing interesting conformational properties, the ease with which one can synthetically modify the upper-and / or lowerrims, [5] their propensity to act as hosts for suitably sized guests, and the fact that the polyphenolic lower-rim can bind 3d / 4f metal ions and form polymetallic clusters through phenolate bridging. [6] We (amongst others) have been actively exploring C [4] lower-rim coordination chemistry and related cluster formation, and in doing so have established an extensive library of 3d, 4f and 3d-4f clusters. [7] Our first result in this area was the synthesis of a series of [Mn SMMs displaying the common butterfly-like {Mn III 2Mn II 2(OH)2} core ( Fig. 1A) , [8] but with the oxidation state distribution reversed relative to the majority of analogous cluster core topologies found in the literature. [9] In this cluster type the body Mn cations are in a 2+ oxidation state, whereas those bound by the C [4] (Fig. 1B) were also obtained when using both TM and Ln ions. [12] The latter are best described as a square of Ln III ions capped on each edge by four [Mn
moieties, and these behave as SMMs or molecular refrigerants depending on the lanthanide employed. Finally, treatment of C [4] with copper(II) nitrate trihydrate afforded enneanuclear clusters (Fig. 1C) that have a tri-capped trigonal prismatic topology. [13] These clusters display interesting versatility in anion binding within the trigonal prismatic core, and [Cu
2-moieties cap each face of the polyhedron. Analysis of this library of clusters has allowed us to establish metal ion binding rules for C [4] [14] With these rules in mind, we recently began investigations into cluster formation with bis-pt Bu-calix [4] arene (bis-C [4] ), a relatively new ligand comprising two C [4] s directly linked via the methylene bridge. [15] This is of particular interest considering that, akin to C [4] , bis-C [4] would be conformationally flexible, but it could also act as a double capping species upon complexation with suitable metal ions. [16] Initial investigations conducted with bis-C [4] showed that the established binding rules were indeed maintained upon metal ion complexation, and the first cluster isolated was a [Mn Fig. 1A and 1D) . [17] Structural differences between these two related clusters are primarily due to methylene bridge linking, and in this case two Mn II ions occupy binding sites between the two C [4] moieties. In this regard, it should be noted that the free ligand exists as an up-down antiparallel arrangement of C [4] (Fig. S1) species that is a structural relative of the aforementioned Mn8 cluster (compare Fig. 1D and 1E), [17] the main difference being the interchange of two Mn II for Ln III ions; this behavior is a close parallel to that described above for C [4] , [10] further suggesting that methylene bridge linking is a viable route to the logical extension of metal ion binding rules / behaviors for multicomponent systems. We recently showed that, as in C [4] [18] Given the structural trends observed upon moving from C [4] 
Results and Discussion
Reaction of bis-C [4] with copper(II) and terbium(III) nitrate hydrates in a DMF / MeOH mixture (to aid bis-C[4] solubility) and in the presence of Et3N as a base afforded single crystals of formula [Cu
, upon slow evaporation of the mother liquor. The crystals were found to be in a monoclinic cell and structure solution was carried out in [12] C) Tri-capped trigonal prismatic Cu II 9 cluster, with the molecule shown along the C3 axis of the prismatic core. [13] 2B ). Symmetry expansion of the structure of 1 does not show any significant interaction between the metal clusters, and cocrystallized dmf molecules occupy space between symmetry equivalents (s.e.) along the a and c axes. The closest metal-metal intercluster distance is along the b axis and is ~12.9 Å between Cu1 and Cu4 of a s.e. cluster ( Figure S2 ). butterfly housed within a bis-C [4] , and a Fe III ion linked to the aforementioned butterfly via bridging nitrate and oxo anions. Symmetry expansion around the inversion center gives rise to the whole cluster shown in Figure 3A . As can be seen by inspection, two [Fe Fig. 3A ) and this disorder was successfully modelled using partial occupancies; only one position is discussed here for the sake of brevity. 2-moiety in line with the expected double capping behavior of bis-C [4] ; the capped Gd III square is also a recurring structural motif when considering previously reported C[4]-supported metal clusters, although in this case double capping occurs in an alternative manner around the central core. [12] Symmetry expansion of the structure of 2 reveals weak Van der Waals interactions along the c axis between the dmf molecule ligated to Gd2 and its s.e.; this occurs with a distance between nitrogen atoms of ~3.7 Å. The closest metalmetal intercluster distances were also found along the c axis, occurring between Gd2 and its s.e. with a distance of ~11.2 Å. The next shortest metal-metal intercluster distance of note is between Fe3 and Gd2 from a s.e. cluster, occurring with a distance of ~13.9 Å ( Figure S3 2-moiety. Again, the observation of persistent structural trends suggests that one may link >2 C [4] s via the methylene bridges to logically influence cluster formation and, potentially, the physical properties of the resulting assemblies. Symmetry expansion of the structure of 3 reveals that there are no significant intermolecular interactions occurring between the clusters. The shortest metal-metal intercluster distance is along the a axis, occurring between Gd1 and Gd4 of a s.e. cluster with a distance of ~12.8 Å ( Figure S5 ). The second, comparable intercluster distance, occurs along the b axis between Mn2 and a s.e. Mn3 with a distance of ~13.0 Å.
Magnetic properties
The dc (direct current) molar magnetic susceptibility, χM, of polycrystalline samples of 1-3 were measured in an applied magnetic field, B, of 0.1 T, over the T = 5-300 K temperature range. The experimental results are shown in Figure 5 in the form of the χMT product versus T, where χM = M / B, and M is the magnetisation of the sample. At room temperature, the experimentally observed χMT products of 60.8, 53.9 and 44.0 cm 3 K mol -1 are consistent with the Curie constants for [Cu [ 10] Analysis of the magnetic data of compound 2 is further complicated by the presence of the central Fe3 ion which is disordered over two positions. [20] The Fe III -Ô-Fe III angles in 2 (Fe1-O9-Fe3; Fe3-O10-Fe2) are approximately 130º (with μ4-O9, μ4-O10 also bridging to two Gd ions), and inspection of Figure 5 suggests little evidence for the presence of strong TM···TM exchange. These observations are also consistent with low temperature variable-temperature-and-variable-field (VTVB) magnetisation data collected in fields of up to B = 7 T ( Figure 5 ). While the magnetisation (Figure 6 ) of complex 1 does not saturate at B = 7 T (M = 26.4 μB), those for complexes 2 (M = 48.0 μB) and 3 (M = 41.6 μB) are approaching that expected for the field-induced stabilisation of the maximum S = 53/2 and S = 22 states, respectively. There are no frequency-dependent signals in out-ofphase (χM″) ac susceptibility for 1-3, ruling out any SMM behaviour. 
Conclusions
In conclusion, our library of bis-C[4]-supported metal cluster has been significantly expanded in this contribution through the synthesis and characterization of three novel assemblies. Dc susceptibility and magnetization measurements reveal the presence of competing (and weak) ferro-and antiferromagnetic interactions in all three cases, consistent with the behavior of similar cages constructed with C [4] . Despite the complexity of the systems reported, the coordination modes observed / cluster topologies obtained are fully compliant with anticipated structure capping behavior, suggesting that further and logical extension of ligand design principles should lead to the isolation of tailored, highly symmetric, high nuclearity clusters that will be of interest to many. Work continues with this goal in mind, but also with a view to understanding the influence of co-ligands on cluster formation with bis-C [4] . Results from these studies will be reported in due course.
Experimental Section
Bis-C [4] was synthesised according to literature procedure. [15] Single crystal diffraction data were collected on a Bruker APEX II CCD diffractometer equipped with a PHOTON 100 detector operating at 100(15) K and using synchrotron radiation (λ = 0.7749 Å). Supporting Information includes a figure showing the structure of bis-C [4] 
